Seed germination of the wetland emergent perennial Phragmites australis is stimulated by diurnally fluctuating temperatures. A germination experiment in darkness and light at different temperature regimes showed that P. australis germinated as well in darkness as in light over most of the temperature regimes tested. The germination requirements could partly explain why this species, despite a large annual production of small seeds, does not accumulate a persistent soil seed bank. A second experiment examined the effect of one to four diurnal temperature cycles with amplitude of fluctuations ranging from 0 to 30°C; diurnal mean temperature of 15°C. Germination in the absence of fluctuations was low, and logistic model estimates showed a positive effect of number of temperature cycles which was strongly influenced by amplitude size. For seeds that have fallen on moist ground during the winter, these laboratory results predict that a few large diurnal temperature fluctuations could be sufficient for onset of germination in the subsequently warmer spring period. Seeds that are located under water, however, are predicted to remain ungerminated until the water level falls. Hence, we suggest that the requirement for fluctuating temperature, in addition to being a sensor for 'exposed' seed sites, is also effectively acting as a germination timing mechanism.
Introduction
Light and fluctuating temperatures are two important factors initiating seed germination (Pons, 1992; Probert, 1992) . In the case of light, it seems clear that seeds of species with a strict light requirement will remain ungerminated if covered by litter or soil.
Hence, capacity for germination in darkness can explain the absence of a persistent soil seed bank (e.g. Pons, 1991; Milberg, 1994a,b) .
The requirement for fluctuating temperature, however, is less clear as a predictor of soil seed bank occurrence. The germination of many ruderal and wetland species is stimulated by fluctuating temperatures (Thompson and Grime, 1983) . Near the soil surface, diurnal temperatures fluctuate less below a vegetation cover, or under water, than on bare soils (Balisky and Burton, 1993) . Therefore, the requirement for fluctuating temperatures may stimulate seeds to germinate in vegetation gaps and, in the case of wetland plants, in shallow water or on bottoms exposed to the air (Thompson et al., 1977; Pons and Schröder, 1986) . Most studies on fluctuating temperature have concentrated on the effect of a series of increasing amplitudes (for references see Probert, 1992) , but there are few reports on the effect of an increasing number of fluctuations. A single fluctuation has been shown to stimulate germination (Totterdell and Roberts, 1980) , and six temperature cycles can be sufficient to achieve maximum germination (Pons and Schröder, 1986) . Each time a temperature cycle is repeated an additional fraction of the seeds germinates (Totterdell and Roberts, 1980; Benech Arnold et al., 1990; Trione and Cony, 1990) .
Phragmites australis (Cav.) Trin. ex Steudel is an amphibious grass with tall annual shoots emerging from perennial underground rhizomes, often forming large monodominant stands in wetlands of many parts of the world. Seedling recruitment appears to be restricted to sites without vegetation and without standing water (van der Valk, 1981; Weisner and Ekstam, 1993; Weisner et al., 1993) . Numerous small seeds are produced annually, but they are scarce or absent in the persistent soil seed bank (e.g. Ter Heerdt and Drost, 1994) . Although germination of P. australis has received attention (van der Toorn, 1972; Haslam, 1975; Vasconcelos, 1981; Galinato and van der Valk, 1986; Washitani and Masuda, 1990; Kraska et al., 1992) , relatively little information is available on germination responses to fluctuating temperature and the possible requirement for, and interactions with, light. In a previous study, it has been shown that germination of P. australis required a high amplitude (> 10°C) of fluctuations over a wide range of mean temperatures, rather than a requirement for a high temperature per se (Ekstam and Forseby, 1999) .
We did two germination experiments with P. australis seeds from a Swedish population. In the first experiment, we asked if light is needed for germination, and if a possible light requirement is alleviated by temperature regimes with high diurnal amplitudes and mean temperature. In the second experiment we quantified the effect of an increasing number of diurnal temperature cycles and the size of the amplitude on germination in light. We hypothesized that the effect of a single cycle would depend on previously experienced cycle(s) and on amplitude size.
Materials and methods

Seeds
Seeds of P. australis were collected in Hornborgasjön, a 30 km 2 large and lowered lake in southern Sweden (58°19ЈN, 13°33ЈE). Much of the former lake bottom is overgrown by tall emergent species, mainly P. australis and Carex acuta (Björk, 1988) . All panicles were randomly collected in one monodominant stand of P. australis on two occasions (3 November 1988 , 31 January 1991 and dried at room temperature for 2 weeks. Seeds were separated from the panicles by blending pieces of panicles in tapwater (700 ml) for 2 ϫ 5 s in an ordinary commercial blender. The seeds were allowed to sink to the bottom of glass vials (1000 ml) during gentle stirring. The floating inflorescence remainders were decanted off and the seeds rinsed in distilled water, dried on filter paper at room temperature for about 12 h and separated from any remaining panicle material. The process from mixer to drying on filter paper required about 15 min. All seeds were then stored dark and dry in closed plastic pots in a refrigerator (5 ± 2°C) until the beginning of the germination trials. Small seeds (length < 1 mm), and seeds that were not fully developed, were discarded. The mean seed weight was 0.11 mg.
Incubator
Both experiments were conducted in a germination incubator described by Ekstam and Bengtsson (1993) . The incubator has ten parallel germination chambers, covered with lids of transparent polycarbonate, in a block of aluminium. Seeds were sown on strips of water-saturated filter papers (Munktell 1350). Throughout all experiments, warm white fluorescent light (7.1-9.4 mol m -2 s -1 400-700 nm; ratio 660 : 730 was 9.5) was maintained for 12 h (06.00-18.00) and darkness for 12 h.
Temperature fluctuations in light and darkness
The germination response to light and darkness was examined in three trials with different diurnal minimum temperature (5, 10 and 15°C). In each trial, seven temperature regimes were applied by combining the minimum temperature with seven maximum temperatures (amplitude ranging from 0 to 15°C). The temperature cycled diurnally, throughout the experiment, with linear transitions between 9-h periods of maximum and minimum temperature (09.00Ϫ18.00 and 21.00-06.00, respectively). Hence, the thermoperiod (time above mid temperature, sensu Murdoch et al., 1989) was 12 h and the diurnal mean temperature was equal to half the sum of each maximum and minimum temperature. The experiment was done in February 1990, on seeds collected in November 1988. Three batches of 30 seeds were used in each treatment combination (3 ϫ 30 seeds ϫ 2 light treatments ϫ 21 temperature regimes = 3780 seeds).
The three seed batches were considered replicates in the subsequent analysis. Immediately after sowing, chambers were covered with transparent polycarbonate lids (light treatment) or with lids enclosed by aluminium foil (dark treatment). The number of germinated seeds was counted after 7 d. A seed was considered to have germinated when the radicle had emerged through the seed coat. A two-factor analysis of variance was used on the fraction germinated (after arcsin transformation) to test the effect of light, amplitude size and their interaction in each of the three trials with different minimum temperature.
Number of diurnal temperature cycles
The effect of temperature amplitude and number of diurnal cycles was examined at nine amplitudes, ranging from 0 to 30°C, at a mean temperature of 15°C. The experiment included four treatments with one, two, three or four temperature cycles (thermoperiod 12 h). The experiment was done in February 1991 on seeds collected in January 1991. Batches of 100 seeds were used in each treatment (4 cycle treatments ϫ 9 amplitude treatments = 3600 seeds). The first cycle commenced after 24 h at 15°C, to allow for imbibition before any diurnal changes of temperature. A cycle was started by a decrease below 15°C, and the temperature changed during each cycle with linear transitions between 2-h periods of maximum and minimum temperature (11.00-13.00 and 23.00-01.00, respectively). After a designated number of cycles, the temperature was again held constant at 15°C for the rest of the period. The number of germinated seeds was counted after 8 d.
Using the computer program GLIM, the effect of number of cycles and amplitude (∆t) on germination probability (p) after 8 d was quantified by maximum likelihood estimation in a logistic model (Dobson, 1990) and backward elimination of variables in the maximal model
where ␦ I , ␦ II , ␦ III and ␦ IV are dummy variables (= 0 or 1), attaining the value of 1 if the number of diurnal cycles are ≥ 1, 2, 3 and 4, respectively. ␤ 0 , ␤ 1 , … ␤ 12 are coefficients. The null hypothesis that the linear logistic model describes the data was tested by the loglikelihood ratio statistic D, at a significance level of P = 0.05.
Results
Temperature fluctuations in light and darkness
Germination after 7 d was low at constant temperature, but it increased with an increase in amplitude of temperature fluctuations (Fig. 1 A-C) . The effect of increased amplitude, which in this case also led to increased mean temperature, was highly significant in the trials with 10°C and 15°C minimum temperature (ANOVA; F amp. = 111.2, P < 0.0001; F amp. = 102.9, P < 0.0001, respectively). No analysis of variance was done for the trial with min-t 5°C because no seeds germinated in some replicates. The effect of the light treatment was significant in the trial with a minimum temperature of 10°C (ANOVA: F light = 16.8, P < 0.001). No significant interaction between light and amplitude was found (P > 0.05).
This experiment was conducted on seeds that had been stored for 15 months. A parallel test with fresh seeds from the same population did not reveal any significant differences from stored seeds (data not shown).
Number of diurnal temperature cycles
The effect of amplitude (∆t) and number of diurnal cycles on probability of germination (p) after 7 d at a constant mean temperature of 15°C was estimated by the logistic model ln (p/(1Ϫp)) = Ϫ1.645 Ϫ 0.05973∆t + 0.003446∆t 2 + 0.04198␦ II ∆t + 0.004169␦ III ∆t 2 where ␦ II = 1 if ≥ two cycles, and ␦ III = 1 if ≥ three cycles have occurred, otherwise ␦ II and ␦ III = 0. According to the log-likelihood ratio statistic, the model fits the data quite well (D = 35.98, d.f. = 31, P = 0.24). The model indicates that germination increases with the number of diurnal cycles and that the response was saturated after three diurnal cycles. For low amplitudes (∆t ≤ 7°C) the increase was negligible (Fig. 2) . The amplitude is the difference between diurnal maximum and minimum temperatures, and the diurnal mean temperature in each treatment is equal to half the sum of the maximum and minimum temperatures. Two-factor ANOVA indicated a significant effect of amplitude (P < 0.0001). Light had a significant effect at minimum temperature 10°C (P < 0.001).
Discussion
Temperature fluctuations in light and darkness
Seeds germinated almost equally well in darkness as in light (Fig. 1) . In one of the trials, seeds germinated significantly higher in light than in darkness but the differences were small (Fig. 1B) . In a study of P. australis seeds from Canada, considerably more seeds germinated in light than in darkness at four alternating temperature regimes (Galinato and van der Valk, 1986) . The difference in effect of light compared to the present study may be due to variation among populations. Germination of the Canadian population increased after cold stratification, but this does not appear to be the case in populations from England and Malta (Haslam, 1975) , Japan (Washitani and Masuda, 1990) and Sweden (Ekstam, unpublished data) which also suggest differences in germination between populations.
Germination responses are often found to be dependent on a combination of environmental conditions (Karssen and Hilhorst, 1992; Pons, 1992; Probert, 1992; Carmona and Murdoch, 1995) . In some species, the requirement for fluctuating temperature is reduced in light compared with darkness (Totterdell and Roberts, 1980; Thompson and Grime, 1983; Probert et al., 1986) . Other species may require light at low temperatures but not at higher ones (Pons, 1992) . To account for possible interactions with temperature, we chose to include a wide range of temperature regimes when testing for a light requirement. However, there was no evidence to suggest that light sensitivity was influenced by the size of the amplitude.
Small seeds of persistent seed bank species and seeds of wetland species frequently require light in addition to fluctuating temperatures to germinate (Thompson and Grime, 1983; Pons and Schröder, 1986) . Seed bank studies within or near P. australis stands have reported few or no seeds (van der Valk and Davis, 1979; Jerling, 1983; Smith and Kadlec, 1983; Skoglund and Hytteborn, 1990; Wilson et al., 1993; Ter Heerdt and Drost, 1994) . In the case of P. australis, absence in persistent seed banks must be due to either non-viable seeds, mortality in the soil or germination. Our results show that most seeds were not inhibited by darkness. Thus, seeds of P. australis can germinate while covered by shallow soil or litter, thereby preventing the buildup of a persistent soil seed bank. However, factors other than dark germination (e.g. secondary dispersal on water surface and mortality) must account for the scarcity of seeds in permanently deep water, where temperature fluctuations are small, since most seeds required large fluctuations for germination.
Number of diurnal temperature cycles
Few seeds germinated if the amplitude was smaller than 10°C (Fig. 2) . At amplitudes above 15°C the number of cycles seemed to have a positive effect on germination, resulting in approximately twice as much germination at two than at one cycle. Furthermore, the results suggest that germination is saturated at three cycles, since a four-cycle variable in the model did not improve its predictive capacity. Previous experiments with Fibristylis littoralis (Pons and Schröder, 1986) and Solanum elaeagnifolium (Trione and Cony, 1990) showed that six cycles were sufficient to give maximum germination. About 20 cycles appeared necessary for maximum germination of freshly dispersed Sorghum halepense seeds (Benech Arnold et al., 1990) . From the present study, it appears that one cycle with high amplitude can be as efficient as a repeated number of cycles with smaller amplitudes, and that three cycles can be sufficient to reach maximum germination. Trione and Cony (1990) reported that the effect of the thermoperiods was cumulative and not influenced by interrupting periods of constant temperatures or dry conditions. If this also is true for P. australis, seeds that have fallen on moist ground during the winter can be predicted to germinate during the spring after a number of mild days with sufficiently large temperature fluctuations.
Relatively few studies have described the field behaviour of P. australis with respect to germination, but available data suggest that germination occurs in late spring in temperate climates (Hürlimann, 1951; Welling et al., 1988; Masuda and Washitani, 1990; Ekstam, 1995) . In an outdoor experiment with P. australis sown in artificial seed sites, emergence was demonstrated to be inhibited by temperature conditions during the dispersal period in Sweden (Ekstam, 1995) . Seeds sown in the autumn did not germinate until spring conditions prevailed, when diurnal soil temperatures fluctuated between c. 6 and 25°C. Hence, we suggest that the requirement for fluctuating temperatures should be considered as a determinant of the timing of germination in the spring. The inherent variation among seeds in the number of cycles required for germination may affect the emergence distribution of seedlings. Thus, seed populations with a small number of cycles required for maximum germination, as found in this study, can be expected to have a shorter emergence period compared with populations with requirements for a large number of cycles. Further studies are needed to clarify how the germination requirements for a high amplitude of temperature rather than a high mean temperature per se affect the germination behaviour in different temperate regions, e.g. in maritime climates, where repeated cycles of strongly fluctuating temperatures may occur even during the winter.
It is generally suggested that fluctuating temperature functions as an environmental cue for suitable recruitment sites, i.e. canopy gaps and depth in soil or water (Thompson et al., 1977; Thompson and Grime, 1983) . Since P. australis apparently lacks a persistent seed bank, the responsiveness to fluctuating temperature is less likely to function as a sensor for infrequently occurring regeneration sites for this species. Seeds of P. australis located under water could be expected to remain ungerminated until the water level is lowered, and the requirement for fluctuating temperature would work as a sensor for very shallow water or soils exposed to air, as shown for F. littoralis (Pons and Schröder, 1986) . However, cohorts of P. australis that establish on substrates temporarily exposed in mid or late season will produce juveniles of small size, with reduced tolerance to a subsequent reflooding (Weisner and Ekstam, 1993) . This could imply a limitation of germination on substrates exposed by late season, but no such evidence was provided by an outdoor experiment in southern Sweden (Ekstam 1995) . Summer temperatures and shallow water (5 cm depth) did not prevent seed germination of P. australis. Seedlings from cohorts sown by early and late summer emerged within a few weeks. Therefore, we suggest, in addition to the 'gap' and 'depth' sensing hypothesis, that detection of shallow water will effectively act as a germination timing mechanism.
